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Part IV Overview. National implications and a science 8163 

strategy for the way forward 8164 
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 8168 

Climate change and effects such as sea-level rise have global implications and will 8169 

increasingly affect the entire nation. While this Product focuses primarily on the mid-8170 

Atlantic region of the United States, many of the issues discussed in earlier chapters are 8171 

relevant at the national scale.  8172 

 8173 

Chapter 13 draws on findings from the mid-Atlantic focus area that have relevance to 8174 

other parts of the United States, provides an overview of coastal environments and 8175 

landforms in the United States, and describes the issues faced in understanding how these 8176 

environments may be impacted and respond to sea-level rise. The diversity of U.S. 8177 

coastal settings includes bedrock coasts in Maine, glacial bluffs in New York, barrier 8178 

islands in the mid-Atlantic and Gulf of Mexico, coral reefs in Florida, the Caribbean, and 8179 

Hawaii, one of the world’s major delta systems in Louisiana, a wide variety of pocket 8180 

beaches and cliffed coasts along the Pacific coast, Pacific atolls, and a number of arctic 8181 

coastline types in Alaska. In addition, the large bays and estuaries around the country also 8182 

exhibit a diverse range of shoreline types, large wetland systems, and extensive coastal 8183 

habitats. 8184 
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 8185 

Understanding how the different coastal environments of the United States will respond 8186 

to future climate and sea-level change is a major challenge. In addition, as highlighted in 8187 

earlier Parts of this Product, human actions and policy decisions also substantially 8188 

influence the evolution of the coast. The knowledge gaps and data limitations identified 8189 

in this Product focusing on the mid-Atlantic have broad relevance to the rest of the U.S.  8190 

Chapter 14 identifies opportunities for increasing the scientific understanding of future 8191 

sea-level rise impacts. This includes basic and applied research in the natural and the 8192 

social sciences. A significant emphasis is placed on developing linkages between 8193 

scientists, policy makers, and stakeholders at all levels, so that information can be shared 8194 

and utilized efficiently and effectively as sea-level rise mitigation and adaptation plans 8195 

evolve.  8196 

8197 
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Chapter 13. Implications of Sea-Level Rise to the 8198 

Nation 8199 

 8200 

Authors: S. Jeffress Williams, USGS; Benjamin T. Gutierrez, USGS; James G. Titus, 8201 
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 8204 

KEY FINDINGS 8205 

 Nationwide, more than one-third of the United States population currently lives in 8206 

the coastal zone and movement to the coast and development continues, along 8207 

with the current and growing vulnerability to coastal hazards such as storms and 8208 

sea-level rise. Fourteen of the 20 largest U.S. urban centers are located along the 8209 

coast. With the very likely accelerated rise in sea level and increased storm 8210 

intensity, the conflicts between people and development at the coast and the 8211 

natural processes will increase, causing economic and societal impacts. 8212 

 For much of the U.S., shores comprised of barrier islands, dunes, spits, and sandy 8213 

bluffs, erosion processes will dominate at highly variable rates in response to sea-8214 

level rise and storms over the next century and beyond. Some coastal landforms in 8215 

the U.S. may undergo large changes in shape and location if the rate of sea-level 8216 

rise increases as predicted. Increased inundation and more frequent flooding will 8217 

affect estuaries and low-lying coastal areas. The response to these driving forces 8218 

will vary depending on the type of coastal landform and local conditions, but will 8219 
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be more extreme, more variable and less predictable than the changes observed 8220 

over the last century.  8221 

 For higher sea-level rise scenarios, some barrier island coasts and wetlands may 8222 

cross thresholds and undergo significant and irreversible changes. These changes 8223 

include rapid landward migration and segmentation of some barrier islands and 8224 

disintegration and drowning of wetlands.  8225 

 Nationally, tidal wetlands already experiencing submergence by sea-level rise and 8226 

associated land loss, in concert with other factors, will continue to deteriorate in 8227 

response to changing climate.  8228 

 Coastal change is driven by complex and interrelated processes. Over the next 8229 

century and beyond, with an expected acceleration in sea-level rise, the potential 8230 

for coastal change is likely to be greater than has been observed in historic past. 8231 

These changes to coastal regions will have especially large impacts on urban 8232 

centers and developed areas. Some portions of the U.S. coast, however, will be 8233 

subject primarily to inundation from sea-level rise over the next century. A 8234 

substantial challenge remains to quantify the various effects of sea-level rise and 8235 

to identify the dominant coastal change processes for each region of the U.S. 8236 

coast.  8237 

 Many coastal areas in the United States will likely experience an increased 8238 

frequency and magnitude of storm-surge flooding and coastal erosion due to 8239 

storms over the next century, in response to sea-level rise. The impacts from these 8240 

storm events are likely to extend farther inland from the coast than those that 8241 

would be affected by sea-level rise alone. 8242 
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 Understanding, predicting, and responding to the environmental and societal 8243 

effects of sea-level rise would benefit from a national program of integrated 8244 

research that includes the natural and social sciences. Research on adaptation, 8245 

mitigation, and avoidance-of-risk measures would enable improved understanding 8246 

of the many and varied potential societal impacts of sea-level rise that would 8247 

benefit the U.S as well as coastal nations around the world. 8248 

 8249 

13.1 INTRODUCTION 8250 

As defined in the SAP 4.1 Prospectus and discussed in earlier chapters, this Product 8251 

focuses on assessing potential impacts to the mid-Atlantic region; however, some 8252 

discussion of impacts to other regions and the nation as a whole is warranted. The mid-8253 

Atlantic region is highly vulnerable to sea-level rise, but regions like the central Gulf 8254 

Coast (Louisiana, Texas) are just as vulnerable or more so. The challenge in carrying out 8255 

a national assessment is that nationwide data bases and scientific publications of national 8256 

scale and scope are limited. Modest efforts at monitoring and observations for national-8257 

scale assessments of coastal change and hazards are underway by various organizations, 8258 

but more effort is needed. The discussion in ection 13.3 is largely the expert opinions of 8259 

the lead authors, informed by results of the two expert science panel reports (Reed et al., 8260 

2008, Gutierrez, et al., 2007) and available scientific literature. Because of the relative 8261 

lack of adequate background literature and high reliance on expert opinion, the likehood 8262 

statements as used in other chapters are not included in this discussion of potential 8263 

impacts to the nation.  8264 

 8265 
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A large and expanding proportion of the U.S. population and related urban development 8266 

is located along the Atlantic, Gulf of Mexico, and Pacific coasts and increasingly 8267 

conflicts with the natural processes associated with coastal change from storms and sea-8268 

level rise (see a review in Williams et al., 1991). Development in low-lying regions (i.e., 8269 

New Orleans) and islands (e.g., in the Chesapeake Bay, Caribbean, Pacific Ocean) are 8270 

particularly at risk (see Gibbons and Nicholls, 2006) In the future, as the effects of 8271 

climate change intensify, these interactions will become more frequent and more 8272 

challenging to society. Currently, more than one-third of the population lives in the 8273 

coastal zone and movement to the coast and development continues, along with the 8274 

growing vulnerability to coastal hazards. Fourteen of the 20 largest U.S. urban centers are 8275 

located along the coast (Crossett et al., 2004; Crowell et al., 2007). With the likely 8276 

accelerated rise in sea level and increased storm intensity, the conflicts between people 8277 

and development at the coast and the natural processes will increase, affecting all parts of 8278 

society (Leatherman, 2001; FitzGerald et al., 2008).  8279 

 8280 

Global sea-level rise associated with climate change is likely to be in the range of 19 cm 8281 

to as much as 1 m over the next century and possibly as much as 4 to 6 m over the next 8282 

several centuries (IPCC, 2007; Rahmstorf, 2007; Rahmstorf, et al., 2007; Overpeck et al., 8283 

2006). The expected rise will increase erosion and the frequency of flooding and coastal 8284 

areas will be at increasing risk. For some regions, adaptation using engineering means 8285 

may be effective; for other coastal areas, however, adaption by relocation landward to 8286 

higher elevated ground may be appropriate for longer-term sustainability (NRC, 1987). 8287 

 8288 
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Coastal landforms reflect the complex interaction between the natural physical processes 8289 

that act on the coast, the geologic characteristics of the coast, and human activities. 8290 

Spatial and temporal variations in these physical processes and the geology along the 8291 

coast are responsible for the wide variety of landforms around the United States 8292 

(Williams, 2003). With future sea-level rise, portions of the U.S. ocean coast are likely to 8293 

undergo long-term net erosion, at rates higher than those that have been observed over 8294 

the past century (see Chapter 3). The exact manner and rates at which these changes are 8295 

likely to occur depend on the character of coastal landforms (e.g., barrier islands, cliffs) 8296 

and the physical processes (e.g., waves and winds) that shape these landforms (see 8297 

Chapters 3 and 4). Low-relief coastal regions, areas undergoing land subsidence and land 8298 

subject to frequent storm landfalls, such as the northern Gulf of Mexico, Florida, Hawaii, 8299 

Puerto Rico, the San Francisco-Sacramento Delta region, and the Mid-Atlantic region, 8300 

are particularly vulnerable. 8301 

 8302 

13.2 TYPES OF COASTS 8303 

Coasts are dynamic junctions of the oceans, atmosphere, and land and differ greatly in 8304 

physical character and vulnerability to erosion, storms, and sea-level rise (NRC, 1990). 8305 

The principal coastal types are described in Chapters 3 and 4, and summarized below. 8306 

With future sea-level rise, all of these landforms will become more dynamic (Nicholls et 8307 

al., 2007), but predicting and quantifying changes that are likely to occur with high 8308 

confidence is currently scientifically challenging.  8309 

 8310 

13.2.1 Cliff and Bluff Shorelines 8311 
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Substantial portions of the U.S. coast are comprised of coastal cliffs and bluffs that vary 8312 

greatly in height, morphology, and sedimentary composition. These occur predominantly 8313 

along the New England and Pacific coasts, Hawaii, and Alaska. Coastal cliff is a general 8314 

term that refers to steep slopes along the shoreline that commonly form in response to 8315 

long-term rise in sea-level. The term “bluff” also can refer to escarpments eroded into 8316 

unlithified material, such as glacial till, along the shore (Hampton and Griggs, 2004). The 8317 

terms “cliff” and “bluff” are often used interchangeably. Coastal cliffs erode in response 8318 

to a variety of both marine and terrestrial processes. Cliff retreat can be fairly constant, 8319 

but can also be episodic. In contrast to sandy coasts, which may erode landward or 8320 

accrete seaward, cliffs retreat only in a landward direction. Because rocky cliff coasts are 8321 

composed of resistant materials, erosion can can occur more slowly than for those 8322 

comprised of unconsolidated sediments and response times to sea-level rise much longer 8323 

than for sandy coasts (NRC, 1987), but land slumping due to wave action or land surface 8324 

water runoff can result in rapid retreat. Hampton and Griggs (2004) provide a review of 8325 

the origin, U.S. distribution, evolution, and regional issues associated with coastal cliffs. 8326 

Predicting the response of coastal cliffs to future sea-level rise is a topic of active 8327 

research (Trenhaile, 2001; Walkden and Hall, 2005; Dickson et al., 2007; Walkden and 8328 

Dickson, 2008) 8329 

 8330 

13.2.2 Sandy Shores, Pocket Beaches, Barrier Beaches, Spits, and Dunes 8331 

Sandy beaches are often categorized into a few basic types which commonly include 8332 

mainland, pocket, and barrier beaches (Wells, 1995; Davis and FitzGerald, 2004).  The 8333 

sediments that comprise beaches are derived mainly from the erosion of the adjacent 8334 



CCSP 4.1  January 15, 2009 

 542 of 784 Final Report 

mainland and continental shelf, and sometimes from sediments supplied from coastal 8335 

rivers. Mainland beaches occur where the land intersects the shore. Some mainland 8336 

beaches occur in low-relief settings and are surrounded by coastal dunes, while others 8337 

occur along steep portions of the coast and are backed by bluffs. Examples of mainland 8338 

beaches include the shores of eastern Long Island, northern New Jersey (Oertel and 8339 

Kraft, 1994), and parts of Delaware, (Kraft, 1971). Pocket beaches form in small bays, 8340 

often occurring between rocky headlands and are common along parts of the southern 8341 

New England coast, portions of California and Oregon (Hapke et al., 2006), and in parts 8342 

of the Hawaiian Islands. Barrier beaches and spits are the most abundant coastal 8343 

landforms along the Atlantic and Gulf of Mexico coasts. In general, it is expected that 8344 

accelerations in sea-level rise will enhance beach erosion globally, but on a local scale 8345 

this response will depend on the sediment budget (Nicholls et al., 2007). 8346 

 8347 

13.2.3 Coastal Marshes, Mangroves, and Mud Flat Shorelines 8348 

Coastal wetlands include swamps and tidal flats, salt and brackish marshes, mangroves, 8349 

and bayous. They form in low-relief, low-energy sheltered coastal environments, often in 8350 

conjunction with river deltas, landward of barrier islands, and along the flanks of 8351 

estuaries (e.g., Delaware Bay, Chesapeake Bay, Everglades, Lake Pontchatrain, 8352 

Galveston Bay, San Francisco Bay, and Puget Sound). Most coastal wetlands are in 8353 

Louisiana, North and South Carolina, south Florida, and Alaska (Dahl, 1990; NRC, 8354 

1995a). Wetlands are extremely vulnerable to sea-level rise and can maintain their 8355 

elevation and viability only if sediment accumulation (both mineral and organic matter) 8356 

keeps pace with sea-level rise (Cahoon et al., 2006; Nyman et al., 2006; Morris et al., 8357 
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2002; Rybczyk and Cahoon, 2002). Future wetland area will also be determined, in part, 8358 

by the amount of space (e.g., mud flat or tidal flat area) available for landward migration 8359 

and the rates of lateral erosion of the seaward edge of the marsh (see Chapter 4; Poulter, 8360 

2005). Wetlands will be especially vulnerable to the higher projected rates of future sea-8361 

level rise (e.g., greater than 70 cm by the year 2100), but some will survive a 1 meter rise 8362 

(Morris et al., 2002). Even under lower accelerated sea-level rise rates, wetlands may be 8363 

sustained only where conditions are optimal for vertical wetland development (e.g., 8364 

abundant sediment supply and low regional subsidence rate) (Rybczyk and Cahoon, 8365 

2002). 8366 

 8367 

Mud flat shorelines represent a relatively small portion of U.S. coasts, but are important 8368 

in providing the foundation for wetlands and marshes (Mitsch and Gosselink, 1986). 8369 

They are frequently associated with wetlands, and occur predominately in low-energy, 8370 

low-relief regions with high inputs of fine-grained river-born sediments and organic 8371 

materials and large tidal ranges. These shoreline types are common in western Louisiana 8372 

(i.e., Chenier Plain) and along northeastern parts of the Gulf Coast of Florida. Muddy 8373 

coasts may be drowned with sea-level rise unless sediment inputs are sufficiently large, 8374 

such as the Atchafalaya River delta region of southwestern Louisiana, and the flats are 8375 

able to be colonized by plants. 8376 

 8377 

13.2.4 Tropical Coral Reef Coasts 8378 

Tropical coral reefs, made up of living organisms very sensitive to ocean temperature and 8379 

chemistry, are found in the U.S. along the south coast of Florida; around the Hawaiian 8380 
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Islands, Puerto Rico, the Virgin Islands, and many of the U.S. territories in the Pacific 8381 

(Riegl and Dodge, 2008). In tropical environments, living coral organisms build reefs that 8382 

are important ecological resources (Smith and Buddemeier, 1992; Boesch et al., 2000). 8383 

Most corals are able to tolerate rates of sea-level rise of 10 to 20 mm per year or more 8384 

(Smith and Buddemeier, 1992; Bird, 1995; Wells, 1995; Hallock, 2005).  Nonetheless, 8385 

the ability of coral reef systems to survive future sea-level rise will depend heavily on 8386 

other climate change impacts such as increase in ocean temperature and or acidity, 8387 

sediment runoff from the land, as well as episodic storm erosion (Hallock, 2005; Nicholls 8388 

et al., 2007). In addition, human caused stresses such as over-fishing or pollution can 8389 

contribute to the vulnerability of these systems to climate change (Buddemeier et al., 8390 

2004; Mimura et al., 2007). 8391 

 8392 

13.3 Potential for Future Shoreline Change 8393 

Over the next century and beyond, with an expected acceleration in sea-level rise, the 8394 

potential for coastal change will increase and coastal change is likely to be more 8395 

widespread and variable than has been observed in historic past (NRC, 1987; Brown and 8396 

McLachlan, 2002; Nicholls et al., 2007). However, it is difficult at present to 8397 

quantitatively attribute shoreline changes directly to sea-level rise (Rosenzweig et al., 8398 

2007). The potential changes include increased coastal erosion, more frequent tidal and 8399 

storm-surge flooding of low-relief areas, and wetland deterioration and losses. Many of 8400 

these changes will occur in all coastal states. These changes to the coastal zone can be 8401 

expected to have especially large impacts to developed areas (Nicholls et al., 2007). 8402 

Some portions of the U.S. coast will be subject principally to inundation from sea-level 8403 
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rise over the next century, including upper reaches of bays and estuaries (e.g., 8404 

Chesapeake and Delaware Bays, Tampa Bay, Lake Pontchartrain, San Francisco Bay), 8405 

and hardened urban shorelines. Erosion, sediment transport, and sediment deposition in 8406 

coastal environments are active processes and will drive coastal change in concert with 8407 

the combined effects of future sea-level rise and storms (Stive, 2004). 8408 

 8409 

Coastal landforms may become even more dynamic and that erosion will dominate 8410 

changes in shoreline position over the next century and beyond (Nicholls et al., 2007). 8411 

Wetlands with sufficient sediment supply and available land for inland migration may be 8412 

able to maintain elevation, keeping pace with sea-level rise, but sediment starved 8413 

wetlands and those constrained by engineering structures (e.g., seawalls, revetments) or 8414 

steep uplands are likely to deteriorate and convert to open water through vertical 8415 

accretion deficits and lateral erosion (see Chapter 4). On barrier island shores, erosion is 8416 

likely to occur on both the ocean front and the landward side of the island due to a 8417 

combination of storm activity, changes in sediment budget, more frequent tidal flooding, 8418 

and rising water levels (Nicholls et al., 2007).  8419 

 8420 

Sea-level rise is a particular concern for islands (Mimura et al., 2007).  Of particular 8421 

concern are islands comprised of coral atolls (e.g., Midway Atoll), which are typically 8422 

low-lying and dependent on the health of coral reefs that fringe the atolls. Populated 8423 

islands with higher elevations (e.g., the Northern Mariana Islands) are also frequently at 8424 

risk as the infrastructure is frequently located in low-lying coastal regions along the 8425 

periphery of the islands.    8426 
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 8427 

Many coastal areas in the United States will likely experience an increased frequency and 8428 

magnitude of storm-surge flooding, greater wave heights, and more erosion due to storms 8429 

as part of the response to sea-level rise (NRC, 1987; Woodworth and Blackman, 2004; 8430 

Nicholls et al., 2007; Gutowski et al., 2008). Impacts from these storm events may 8431 

extend farther inland than those that would be affected by sea-level rise alone. Many 8432 

regions may also experience large changes to coastal systems, such as increased rates of 8433 

erosion, barrier island and dune landward migration, and potential barrier island collapse 8434 

(Nicholls et al., 2007; see also Chapters 1, 3, and 14 for discussion of geomorphic 8435 

thresholds). The potential of crossing thresholds, potentially leading to barrier and 8436 

wetland collapse, may increase with higher rates of sea-level rise.  8437 

 8438 

The use of so called “soft” coastal engineering mitigation measures, such as beach 8439 

nourishment, usually using sand dredged from offshore Holocene-age sand bodies, may 8440 

reduce the risk of storm flooding and coastal erosion temporarily (NRC, 1987, 1995b). 8441 

However, an important issue is whether or not these practices are able to be maintained 8442 

into the future to provide sustainable and economical shoreline protection in the face of 8443 

high cost, need for periodic re-nourishment, and limited sand resources of suitable quality 8444 

for nourishment for many regions of the country (NRC, 1995b; Magoon et al., 2004). 8445 

Results from offshore geologic mapping studies indicate that most continental shelf 8446 

regions of the U.S. have relatively limited Holocene-age sediment that can be deemed 8447 

available and suitable for uses such as beach nourishment (Schwab et al., 2000; Gayes et 8448 

al., 2003; Pilkey et al., 1981; Kraft, 1971). In some cases, potential sand volumes are 8449 
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reduced because of economic and environmental factors such as water depth, benthic 8450 

environmrntal concerns, and concerns that sand removal may alter sediment exchange 8451 

with the adjacent coast (Bliss et al., 2009). The result is limited volumes of high-quality 8452 

offshore sand resources readily available for beach nourishment. The issue of relying 8453 

long term on using offshore sand for beach nourishment to mitigate erosion is important 8454 

and needs to be addressed. 8455 

 8456 

More widespread implementation of regional sediment or best sediment management 8457 

practices to conserve valuable coastal sediments from offshore disposal of clean sandy 8458 

dredged spoils will enhance the long term sustainability of sandy coastal landforms 8459 

(NRC, 2007). The use of so called “hard” engineering structures (e.g., seawalls, 8460 

breakwaters) to protect property from erosion and flooding may be justified for urban 8461 

coasts, but their use on sandy shores can further exacerbate erosion over time due to 8462 

disruption of sediment transport processes. Alternatives, such as relocation landward, 8463 

strategic removal of development or limiting redevelopment following storm disasters 8464 

from highly vulnerable parts of the coast, may provide longer term sustainability of both 8465 

coastal landforms and development, especially if the higher rates of sea-level rise are 8466 

realized (NRC, 1987). An example of abandonment of an island in Chesapeake Bay due 8467 

to sea-level rise is detailed in Gibbons and Nicholls (2006). If coastal development is 8468 

relocated, those areas could be converted to marine protected areas, public open-space 8469 

lands that would serve to buffer sea-level rise effects landward and also provide 8470 

recreation benefits and wildlife habitat values (see Salm and Clark, 2000). 8471 

 8472 
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13.4 CONCLUSIONS 8473 

Global climate is changing, largely due to carbon emissions from human activities (IPCC, 8474 

2001; 2007). Sea-level rise is one of the impacts of climate change that will affect all 8475 

coastal regions of the United States over the next century and beyond (NRC, 1987; 8476 

Nicholls et al., 2007). The scientific tools and techniques for assessing the effects of 8477 

future sea-level rise on coastal systems are improving, but much remains to be done in 8478 

order to develop useful forecasts of potential effects. Chapter 14 of this Product identifies 8479 

research opportunities that, if implemented, would lead to better understanding and 8480 

prediction of sea-level rise effects that are likely to further impact the United States in the 8481 

near future. Planning for accelerating sea-level rise should include thorough evaluation of 8482 

a number of alternatives, such as cost-effective and sustainable shore protection and 8483 

strategic relocation of development within urban centers. Important decisions like these 8484 

should ideally be based on the best available science and careful consideration of long-8485 

term benefits for a sustainable future, and the total economic, social, and environmental 8486 

costs of various methods of shore protection, relocation, and adaptation.  8487 

8488 
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 8671 

KEY FINDINGS 8672 

 Understanding, predicting, and responding to the environmental and human 8673 

effects of sea-level rise requires an integrated program of research that includes 8674 

natural and social sciences. 8675 

 Monitoring of modern processes and environments could be improved by 8676 

expanding the network of basic observations and observing systems, developing 8677 

time series data on environmental and landscape changes, and assembling 8678 

baseline data for the coastal zone. 8679 

 The historic and geologic record of coastal change should be used to improve the 8680 

understanding of natural and human-influenced coastal systems, increase 8681 

knowledge of sea-level rise and coastal change over the past few millennia, 8682 

identify thresholds or tipping points in coastal systems, and more closely relate 8683 

past changes in climate to coastal change. 8684 
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 Increases in predictive capabilities can be achieved by improving quantitative 8685 

assessment methods and integrating studies of the past and present into predictive 8686 

models. 8687 

 Research on adaptation, mitigation, and avoidance measures will enable better 8688 

understanding of the societal impacts of sea-level rise. 8689 

 Decision making in the coastal zone can be supported by providing easy access to 8690 

data and resources, transferring knowledge of vulnerability and risk that affect 8691 

decision making, and educating the public about consequences and alternatives. 8692 

 8693 

14.1 INTRODUCTION 8694 

Chapter 14 identifies several major themes that present opportunities to improve the 8695 

scientific understanding of future sea-level rise and its impacts on U.S. coastal regions. 8696 

Advances in scientific understanding will enable the development of higher quality and 8697 

more reliable information for planners and decision makers at all levels of government, as 8698 

well as the public. 8699 

 8700 

A number of recent studies have focused specifically on research needs in coastal areas. 8701 

Two National Research Council (NRC) studies, Science for Decision-making (NRC, 8702 

1999) and A Geospatial Framework for the Coastal Zone (NRC, 2004) contain 8703 

recommendations for science activities that can be applied to sea-level rise studies. Other 8704 

relevant NRC reports include Responding to Changes in Sea Level (NRC, 1987), Sea 8705 

Level Change (NRC, 1990b) and Abrupt Climate Change (NRC, 2002). The Marine 8706 

Board of the European Science Foundation’s Impacts of Climate Change on the European 8707 
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Marine and Coastal Environment (Philippart et al., 2007) identified numerous research 8708 

needs, many of which have application to the United States. Recent studies on global 8709 

climate change by the Pew Charitable Trusts also included the coastal zone (e.g., 8710 

Neumann et al., 2000, Panetta, 2003; Kennedy et al., 2002). Other studies by the NRC 8711 

(1990a, 1990b, 1990c, 2001, 2006a, 2007) and the Heinz Center (2000, 2002a, 2002b, 8712 

2006) have addressed issues relevant to the impacts of sea-level rise on the coastal zone. 8713 

These reports and related publications have helped guide the development of the potential 8714 

research and decision-support activities described in the following sections. 8715 

 8716 

14.2 A SCIENCE STRATEGY TO ADDRESS SEA-LEVEL RISE 8717 

An integrated scientific program of sea level studies that seeks to learn from the historic 8718 

and geologic past, and monitors ongoing physical and environmental changes, will 8719 

improve the level of knowledge and reduce the uncertainty about potential responses of 8720 

coasts, estuaries, and wetlands to sea-level rise. Outcomes of both natural and social 8721 

scientific research will support decision making and adaptive management in the coastal 8722 

zone. The main elements of a potential science strategy and their interrelationships are 8723 

shown in Figure14.1. 8724 
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 8725 
Figure 14.1  Schematic flow diagram summarizing a science strategy for improvement of scientific 8726 
knowledge and decision-making capability needed to address the impacts of future sea-level rise. 8727 
 8728 

Building on and complementing ongoing efforts at federal agencies and universities, a 8729 

research and observation program could incorporate new technologies to address the 8730 

complex scientific and societal issues highlighted in this Product. These studies could 8731 

include further development of a robust monitoring program for all coastal regions, 8732 

leveraging the existing network of site observations, as well as the growing array of 8733 

coastal observing systems. Research should also include studies of the historic and recent 8734 
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geologic past to understand how coastal systems evolved in response to past changes in 8735 

sea level. The availability of higher resolution data collected over appropriate time spans, 8736 

coupled with conceptual and numerical models of coastal evolution, will provide the 8737 

basis for improved quantitative assessments and the development of predictive models 8738 

useful for decision making. Providing ready access to interpretations from scientific 8739 

research—as well as the underlying data—by means of publications, data portals, and 8740 

decision-support systems will allow coastal managers to evaluate alternative strategies for 8741 

mitigation, develop appropriate responses to sea-level rise, and practice adaptive 8742 

management as new information becomes available. 8743 

 8744 

14.2.1 Learn From the Historic and Recent Geologic Past 8745 

Studies of the recent geologic and historical record of sea-level rise and coastal and 8746 

environmental change are needed to improve the state of knowledge of the key physical 8747 

and biological processes involved in coastal change. As described throughout this 8748 

Product, particularly in Chapters 1 through 5, significant knowledge gaps exist that 8749 

inhibit useful prediction of future changes. The following research activities will help 8750 

refine our knowledge of past changes and their causes.  8751 

 8752 

Improve understanding of natural and human-influenced coastal systems 8753 

Significant opportunities exist to improve predictions of coastal response to sea-level rise. 8754 

For example, scientists’ understanding of the processes controlling rates of sediment flux 8755 

in both natural and especially in human-modified coastal systems is still evolving. This is 8756 

particularly true at the regional (littoral cell) scale, which is often the same scale at which 8757 



CCSP 4.1  January 15, 2009 

 561 of 784 Final Report 

management decisions are made. As described in Chapters 3 and 6, the human impact on 8758 

coastal processes at management scales is not well understood. Shoreline engineering 8759 

such as bulkheads, revetments, seawalls, groins, jetties, and beach nourishment can 8760 

fundamentally alter the way a coastal system behaves by changing the transport, storage, 8761 

and dispersal of sediment. The same is true of development and infrastructure on mobile 8762 

landforms such as the barrier islands that comprise much of the mid-Atlantic coast. 8763 

 8764 

Develop better information on the effects of sea-level rise over the past 5,000 years 8765 

The foundation of modern coastal barrier island and wetland systems has evolved over 8766 

the past 5,000 years as the rate of sea-level rise slowed significantly (see Chapters 1, 3, 8767 

and 4). More detailed investigation of coastal sedimentary deposits is needed to 8768 

understand the rates and patterns of change during this part of the recent geologic past. 8769 

Advances in methods to obtain samples of the geologic record, along with improvements 8770 

in analytical laboratory techniques since the early 1990s, have significantly increased the 8771 

resolution of the centennial-to-millennial scale record of sea-level rise and coastal 8772 

environmental change (e.g., Gehrels, 1994; Gehrels et al., 1996; van de Plassche et al., 8773 

1998; Donnelly et al., 2001; Horton et al., 2006) and provide a basis for future work. 8774 

Archaeological records of past sea-level change also exist in many locales, and provide 8775 

additional opportunities to understand coastal change and impacts on human activity. 8776 

 8777 

Understand thresholds in coastal systems that, if crossed, could lead to rapid changes to 8778 

coastal and wetland systems  8779 
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Several aspects of climate change studies, such as atmosphere-ocean interactions, 8780 

vegetation change, sea ice extent, and glacier and ice cap responses to temperature and 8781 

precipitation, involve understanding the potential for abrupt climate change or “climate 8782 

surprises” (NRC, 2002; Meehl et al., 2007). Coastal systems may also respond abruptly 8783 

to changes in sea-level rise or other physical and biological processes (see Chapter 3, Box 8784 

3.1). Coastal regions that may respond rapidly to even modest changes in future external 8785 

forcing need to be identified, as well as the important variables driving the changes. For 8786 

example, limited sediment supply, and/or permanent sand removal from the barrier 8787 

system, in combination with an acceleration in the rate of sea-level rise, could result in 8788 

the development of an unstable state for some barrier island systems (i.e., a behavioral 8789 

threshold or tipping point, as described in Chapters 1 and 3). Coastal responses could 8790 

result in landward migration or roll-over, or barrier segmentation. Understanding and 8791 

communicating the potential for such dramatic changes in the form and rate of coastal 8792 

change will be crucial for the development of adaptation, mitigation, and other strategies 8793 

for addressing sea-level rise. 8794 

 8795 

The future evolution of low-elevation, narrow barriers will likely depend in part on the 8796 

ability of salt marshes in back-barrier lagoons and estuaries to keep pace with sea-level 8797 

rise (FitzGerald et al., 2004, 2008; Reed et al., 2008). It has been suggested that a 8798 

reduction of salt marsh in back-barrier regions could change the hydrodynamics of back-8799 

barrier systems, altering local sediment budgets and leading to a reduction in sandy 8800 

materials available to sustain barrier systems (FitzGerald et al., 2004, 2008). 8801 

 8802 



CCSP 4.1  January 15, 2009 

 563 of 784 Final Report 

Relate climate proxies to coastal change 8803 

Links between paleoclimate proxies (e.g., atmospheric gases in ice cores, isotopic 8804 

composition of marine microfossils, tree rings), sea-level rise, and coastal change should 8805 

be explored. Previous periods of high sea level, such as those during the last several 8806 

interglacial periods, provide tangible evidence of higher-than-present sea levels that are 8807 

broadly illustrative of the potential for future shoreline changes. For example, high stands 8808 

of sea level approximately 420,000 and 125,000 years ago left distinct shoreline and 8809 

other coastal features on the U.S. Atlantic coastal plain (Colquhoun et al., 1991; Baldwin 8810 

et al., 2006). While the sedimentary record of these high stands is fragmentary, 8811 

opportunities exist to relate past shoreline positions with climate proxies to improve the 8812 

state of knowledge of the relationships between the atmosphere, sea level, and coastal 8813 

evolution. Future studies may also provide insight into how coastal systems respond to 8814 

prolonged periods of high sea level and rapid sea-level fluctuations during a high stand. 8815 

Examples of both exist in the geologic record and have potential application to 8816 

understanding and forecasting future coastal evolution. 8817 

 8818 

14.2.2 Monitor Modern Coastal Conditions 8819 

The status and trends of sea-level change, and changes in the coastal environment, are 8820 

monitored through a network of observation sites, as well as through coastal and ocean 8821 

observing systems. Monitoring of modern processes and environments could be 8822 

improved by expanding the network of basic observations, as well as the continued 8823 

development of coastal and ocean observing systems. There are numerous ongoing 8824 



CCSP 4.1  January 15, 2009 

 564 of 784 Final Report 

efforts that could be leveraged to contribute to understanding patterns of sea-level rise 8825 

over space and time and the response of coastal environments. 8826 

 8827 

Expand the network of basic observations 8828 

An improvement in the coverage and quality of the U.S. network of basic sea-level 8829 

observations could better inform researchers about the rate of sea-level rise in various 8830 

geographic areas. Tide gauges are a primary source of information for sea-level rise data 8831 

at a wide range of time scales, from minutes to centuries. These data contribute to a 8832 

multitude of studies on local to global sea-level trends. Tide gauge data from the United 8833 

States include some of the longest such datasets in the world and have been especially 8834 

valuable for monitoring long-term trends. A denser network of high-resolution gauges 8835 

would more rigorously assess regional trends and effects. The addition of tide gauges 8836 

along the open ocean coast of the United States would be valuable in some regions. These 8837 

data can be used in concert with satellite altimetry observations. 8838 

 8839 

Tide-gauge observations also provide records of terrestrial elevation change that 8840 

contributes to relative sea-level change, and can be coupled with field- or model-based 8841 

measurements or estimates of land elevation changes. Existing and new gauges should be 8842 

co-located with continuously operating Global Positioning System (GPS) reference 8843 

stations (CORS) or surveyed periodically using GPS and other Global Navigation 8844 

Satellite System technology. This will enable the coupling of the geodetic (earth-based) 8845 

reference frame and the oceanographic reference frame at the land-sea interface. Long 8846 

time series from CORS can provide precise local vertical land movement information in 8847 
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the ellipsoidal frame (e.g., Snay et al., 2007; Woppelmann et al., 2007). Through a 8848 

combined effort of monitoring ellipsoid heights and the geoid, as well as through gravity 8849 

field monitoring, changes to coastal elevations can be adequately tracked. 8850 

 8851 

Develop and maintain coastal observing systems 8852 

Observing systems have become an important tool for examining environmental change. 8853 

They can be place-based (e.g., specific estuaries or ocean locations) or consist of regional 8854 

aggregations of data and scientific resources (e.g., the developing network of coastal 8855 

observing systems) that cover an entire region. Oceanographic observations also need to 8856 

be integrated with observations of the physical environment, as well as habitats and 8857 

biological processes. 8858 

 8859 

An example of place-based observing systems is the National Estuarine Research 8860 

Reserve System (NERRS: <http://www.nerrs.noaa.gov>), a network of 27 reserves for 8861 

long-term research, monitoring, education, and resource stewardship. Targeted 8862 

experiments in such settings can potentially elucidate impacts of sea-level rise on the 8863 

physical environment, such as shoreline change or impacts to groundwater systems, or on 8864 

biological processes, such as species changes or ecosystem impacts. Important 8865 

contributions can also be made by the Long Term Ecological Research sites 8866 

(<http://www.lternet.edu>) such as the Virginia Coast Reserve in the mid-Atlantic area 8867 

(part of the focus of this Product). The sites combine long-term data with current research 8868 

to examine ecosystem change over time. Integration of these ecological monitoring 8869 



CCSP 4.1  January 15, 2009 

 566 of 784 Final Report 

networks with the geodetic and tide gauge networks mentioned previously would also be 8870 

an important enhancement. 8871 

 8872 

The Integrated Ocean Observing System (IOOS) (<http://www.ocean.us>) will bring 8873 

together observing systems and data collection efforts to understand and predict changes 8874 

in the marine environment. Many of these efforts can contribute to understanding 8875 

changes in sea-level rise over space and time. These observing systems incorporate a 8876 

wide range of data types and sources, and provide an integrated approach to ocean 8877 

studies. Such an approach should enable sea-level rise-induced changes to be 8878 

distinguished from the diverse processes that drive changes in the coastal and marine 8879 

environment. 8880 

 8881 

A new initiative began in 2005 with a worldwide effort to build a Global Earth 8882 

Observation System of Systems (GEOSS) (<http://www.earthobservations.org>) over the 8883 

next 10 years. GEOSS builds upon existing national, regional, and international systems 8884 

to provide comprehensive, coordinated Earth observations from thousands of instruments 8885 

worldwide, which have broad application to sea-level rise studies. 8886 

 8887 

Develop time series data to monitor environmental and landscape changes 8888 

Observations of sea level using satellite altimetry (e.g., TOPEX/Poseidon and Jason-1) 8889 

have provided new and important insights into the patterns of sea-level change across 8890 

space and time. Such observations have allowed scientists to examine sea-level trends 8891 

and compare them to the instrumental record (Church et al., 2001, 2004), as well as 8892 
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predictions made by previous climate change assessments (Rahmstorf, 2007). The 8893 

satellite data provide spatial coverage not available with ground-based methods such as 8894 

tide gauges, and provide an efficient means for making global observations. Plans for 8895 

future research could include a robust satellite observation program to ensure 8896 

comprehensive coverage. 8897 

 8898 

Studies of environmental and landscape change can also be expanded across larger spatial 8899 

scales and longer time scales. Examples include systematic mapping of shoreline changes 8900 

and coastal barriers and dunes around the United States (e.g., Morton and Miller, 2005), 8901 

and other national mapping efforts to document land-use and land-cover changes (e.g., 8902 

the NOAA Coastal Change Analysis Program: 8903 

<http://www.csc.noaa.gov/crs/lca/ccap.html>). It is also important to undertake a 8904 

rigorous study of land movements beyond the point scale of tide gauges and GPS 8905 

networks. For example, the application of an emerging technology—Interferometric 8906 

Synthetic Aperture Radar (InSAR)—enables the development of spatially-detailed maps 8907 

of land-surface displacement over broad areas (Brooks et al., 2007). 8908 

 8909 

Determining wetland sustainability to current and future sea-level rise requires a broader 8910 

foundation of observations if they are to be applied with high confidence at regional and 8911 

national scales. In addition, there is a significant knowledge gap concerning the viability 8912 

or sustainability of human-impacted and restored wetlands in a time of accelerating sea-8913 

level rise. The maintenance of a network of sites that utilize surface elevation tables and 8914 

soil marker horizons for measuring marsh accretion or loss will be essential in 8915 
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understanding the impacts on areas of critical wetland habitat. The addition of sites to the 8916 

network would aid in delineating regional variations (Cahoon et al., 2006). Similar long-8917 

term studies for coastal erosion, habitat change, and water quality are also essential. 8918 

 8919 

Coastal process studies require data to be collected over a long period of time in order to 8920 

evaluate changes in beach and barrier profiles and track morphological changes over a 8921 

time interval where there has been a significant rise in sea level. These data will also 8922 

reflect the effects of storms and the sediment budget that frequently make it difficult to 8923 

extract the coastal response to sea-level change. For example, routine lidar mapping 8924 

updates to track morphological changes and changes in barrier island area above mean 8925 

high water (e.g., Morton and Sallenger, 2003), as well as dune degradation and recovery, 8926 

and shore-face profile and near-shore bathymetric evolution may provide insight into 8927 

how to distinguish various time and space scales of coastal change and their relationship 8928 

to sea-level rise. 8929 

 8930 

Time series observations can also be distributed across the landscape and need not be tied 8931 

to specific observing systems or data networks. They do, however, need a means to have 8932 

their data assimilated into a larger context. For example, development of new remote 8933 

sensing and in-situ technologies and techniques would help fill critical data gaps at the 8934 

land-water interface. 8935 

 8936 

Assemble and update baseline data for the coastal zone 8937 
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Baseline data for the coastal zone, including elevation, bathymetry, shoreline position, 8938 

and geologic composition of the coast, as well as biologic and ecologic parameters such 8939 

as vegetation and species distribution, and ecosystem and habitat boundaries, should be 8940 

collected at high spatial resolution. As described in Chapter 2, existing 30-m (100-ft) 8941 

digital elevation models are generally inadequate for meaningful mapping and analyses in 8942 

the coastal zone. The use of lidar data, with much better horizontal and vertical accuracy, 8943 

is essential. While some of these mapping data are being collected now, there are 8944 

substantial areas around the United States that would benefit from higher quality data. 8945 

More accurate bathymetric data, especially in the near-shore, is needed for site-specific 8946 

analyses and to develop a complete topographic-bathymetric model of the coastal zone to 8947 

be able to predict with greater confidence wave and current actions, inundation, coastal 8948 

erosion, sediment transport, and storm effects. 8949 

 8950 

To improve confidence in model predictions of wetland vulnerability to sea-level rise, 8951 

more information is needed on: (1) maximum accretion rates (i.e., thresholds) regionally 8952 

and among vegetative communities; (2) wetland dynamics across larger landscape scales; 8953 

(3) the interaction of feedback controls on flooding with other accretion drivers (e.g., 8954 

nutrient supply and soil organic matter accumulation); (4) fine-grained, cohesive 8955 

sediment supplies; and (5) changing land use in the watershed (i.e., altered river flows 8956 

and accommodation space for landward migration of wetlands). In addition, population 8957 

data on different species in near shore areas are needed to accurately judge the effects of 8958 

habitat loss or transformation. More extensive and detailed areas of habitat mapping will 8959 

enable preservation efforts to be focused on the most important areas. 8960 
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 8961 

14.2.3 Predict Future Coastal Conditions 8962 

Studies of the past history of sea-level rise and coastal response, combined with extensive 8963 

monitoring of present conditions, will enable more robust predictions of future sea-level 8964 

rise impacts. Substantial opportunities exist to improve methods of coastal impact 8965 

assessment and prediction of future changes. 8966 

 8967 

Develop quantitative assessment methods that identify high-priority areas needing useful 8968 

predictions 8969 

Assessment methods are needed to identify both geographic and topical areas most in 8970 

need of useful predictions of sea-level rise impacts. For example, an assessment 8971 

technique for objectively assessing potential effects of sea-level rise on open coasts, the 8972 

Coastal Vulnerability Index (CVI), has been employed in the United States and elsewhere 8973 

(e.g., Gornitz et al., 1997; Shaw et al., 1998; Thieler and Hammar-Klose, 1999, 2000a, 8974 

2000b). Although the CVI is a fairly simplistic technique, it can provide useful insights 8975 

and has found application as a coastal planning and management tool (Thieler et al., 8976 

2002). Such assessments have also been integrated with socioeconomic vulnerability 8977 

criteria to yield a more integrative measure of community vulnerability (Boruff et al., 8978 

2005). 8979 

 8980 

Projecting long-term wetland sustainability to future sea-level rise requires data on 8981 

accretionary events over sufficiently long time scales that include the return periods of 8982 

major storms, floods, and droughts, as well as information on the effects of wetland 8983 
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elevation feedback on inundation and sedimentation processes that affect wetland vertical 8984 

accretion. Numerical models can be applied to predict wetland sustainability at the local 8985 

scale, but there is not sufficient data to populate these models at the regional or national 8986 

scale (see Chapter 4). Given this data constraint, current numerical modeling approaches 8987 

will need to improve or adapt such that they can be applied at broader spatial scales with 8988 

more confidence.  8989 

 8990 

Integrate studies of past and present coastal behavior into predictive models 8991 

Existing shoreline-change prediction techniques are typically based on assumptions that 8992 

are either difficult to validate or too simplistic to be reliable for many real-world 8993 

applications (see Appendix 2). As a result, the usefulness of these modeling approaches 8994 

has been debated in the coastal science community (see Chapter 3). Newer models that 8995 

include better representations of real-world settings and processes (e.g., Cowell et al., 8996 

1992; Stolper et al., 2005; Pietrafesa et al., 2007) have shown promise in predicting 8997 

coastal evolution. Informing these models with improved data on past coastal changes 8998 

should result in better predictions of future changes. 8999 

 9000 

The process of marine transgression across the continental shelf has left an incomplete 9001 

record of sea-level and environmental change. An improved understanding of the rate and 9002 

timing of coastal evolution will need to draw on this incomplete record, however, in order 9003 

to improve models of coastal change. Using a range of techniques, such as high-9004 

resolution seafloor and geologic framework mapping coupled with geochronologic and 9005 

paleoenvironmental studies, the record of coastal evolution during the Pleistocene (1.8 9006 
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million to 11,500 years ago) and the Holocene (the last 11,500 years) can be explored to 9007 

identify the position and timing of former shorelines and coastal environments. 9008 

 9009 

14.2.4 Improve Understanding of Societal Impacts 9010 

Research in the social sciences will be critical to understanding the potential effects on 9011 

society and social systems resulting from sea-level rise. 9012 

 9013 

Increase research on adaptation, mitigation, and avoidance measures 9014 

This Product describes a wide variety of potential impacts of sea-level rise, including the 9015 

effects on the physical environment, biological systems, and coastal development and 9016 

infrastructure. While the ability to predict future changes is currently inadequate for 9017 

many decisions, adaptation, mitigation, and avoidance strategies must evolve as scientific 9018 

knowledge and predictive ability increase. For example, expanded research and 9019 

assessments of the economic and environmental costs of present and future actions are 9020 

needed to allow a more complete analysis of the tradeoffs involved in sea-level rise 9021 

decision making. In addition, opportunities to engage stakeholders such as federal 9022 

agencies, states, counties, towns, non-government organizations, and private landowners 9023 

in the design and implementation of sea-level rise impact and response planning should 9024 

be created. 9025 

 9026 

Develop multi-disciplinary groups that integrate natural and social sciences 9027 

Interdisciplinary research that combines natural and social sciences will be crucial to 9028 

understanding the interplay of the physical, environmental, and societal impacts of sea-9029 
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level rise. Development of programs that facilitate such collaborations should be 9030 

encouraged. 9031 

 9032 

Expand institutional capacity and overcome barriers 9033 

Substantial opportunities exist to expand and improve upon the ability of institutions to 9034 

respond to sea-level rise (see Chapter 10, 11, and 12). Research is needed to define the 9035 

capacity needed for decision making, as well as the methods that can be best employed 9036 

(e.g., command and control, economic incentive) to achieve management goals. 9037 

Overcoming the institutional barriers described in Chapter 12 is also necessary for 9038 

effective response to the management challenges presented by sea-level rise. 9039 

 9040 

14.2.5 Develop Coastal Decision Support Systems for Planning and Policy Making 9041 

For coastal zone managers in all levels of government, there is a pressing need for more 9042 

scientific information, a reduction in the ranges of uncertainty for processes and impacts, 9043 

and new methods for assessing options and alternatives for management strategies. 9044 

Geospatial information on a wide range of themes such as topography, bathymetry, land 9045 

cover, population, and infrastructure, that is maintained on regular cycle will be a key 9046 

component of planning for mitigation and adaptation strategies. For example, specialized 9047 

themes of data such as hydric (abundantly moist) soils may be critical to understanding 9048 

the potential for wetland survival in specific areas. Developing and maintaining high-9049 

resolution maps that incorporate changes in hazard type and distribution, coastal 9050 

development, and societal risk will be critical. Regularly conducting vulnerability 9051 

assessments and reviews will be necessary in order to adapt to changing conditions. 9052 
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 9053 

Provide easy access to data and information resources for federal, state, local, academic, 9054 

and public users  9055 

Understanding and acting on scientific information about sea-level rise and its impacts 9056 

will depend upon common, consistent, shared databases for integrating knowledge and 9057 

providing a basis for decision making. Thematic data and other value-added products 9058 

should adhere to predetermined standards to make them universally accessible and 9059 

transferable through internet portals. All data should be accompanied by appropriate 9060 

metadata describing its method of production, extent, quality, spatial reference, 9061 

limitations of use, and other characteristics (NRC, 2004). 9062 

 9063 

An opportunity exists to develop a national effort to develop and apply data integration 9064 

tools to combine terrestrial and marine data into a seamless geospatial framework. This 9065 

would involve the collection of real-time tide data and the development of more 9066 

sophisticated hydrodynamic models for the entire U.S. coastline, as well as the 9067 

establishment of protocols and tools for merging bathymetric and topographic datasets 9068 

(NRC, 2004). Modern and updated digital flood insurance rate maps (DFIRM) that 9069 

incorporate future sea-level rise are needed in the coastal zone (see Chapter 9).  9070 

 9071 

Transfer scientific knowledge to studies of vulnerability, risk, and societal impacts 9072 

In addition to basic scientific research and environmental monitoring, a significant need 9073 

exists to integrate the results of these efforts into comprehensive vulnerability and risk 9074 

assessments. Tools are needed for mapping, modeling, and communicating risk to help 9075 
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public agencies and communities understand and reduce their vulnerability to, and risk 9076 

of, sea-level rise hazards. Social science research activities are also needed that examine 9077 

societal consequences and economic impacts of sea-level rise, as well as identify 9078 

institutional frameworks needed to adapt to changes in the coastal zone. For example, 9079 

analyses of the economic costs of armoring shores at risk of erosion and the expected 9080 

lifespan of such efforts will be required, as will studies on the durability of armored 9081 

shorefronts under different sea-level rise scenarios. The physical and biological 9082 

consequences of armoring shores will need to be quantified and the tradeoffs 9083 

communicated. Effective planning for sea-level rise will also require integrated economic 9084 

assessments on the impact to fisheries, tourism, and commerce. 9085 

 9086 

Applied research in the development of coastal flooding models for the subsequent study 9087 

of ecosystem response to sea-level rise is underway in coastal states such as North 9088 

Carolina (Feyen et al., 2006). There is also a need for focused study on the ecological 9089 

impacts of sea-level rise and in how the transfer of this knowledge can be made to coastal 9090 

managers for decision-making. 9091 

 9092 

Develop decision support systems 9093 

County and state planners need tools to analyze vulnerabilities, explore the implications 9094 

of alternative response measures, assess the costs and benefits of options, and provide 9095 

decision-making support. These might take the form of guidelines, checklists, or software 9096 

tools. In addition, there is a need to examine issues in a landscape or ecosystem context 9097 

rather than only administrative boundaries. 9098 
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 9099 

In addition to new and maintained data, models, and research, detailed site studies are 9100 

needed to assess potential impacts on a site-specific basis and provide information that 9101 

allows informed decision making. Appropriate methodologies need to be developed and 9102 

made available. These will have to look at a full range of possible impacts including 9103 

aquifer loss by saltwater intrusion, wetland loss, coastal erosion, and infrastructure 9104 

implications, as well as the impact of adaptation measures themselves. Alternative 9105 

strategies of adaptive management will be required. Each locality may need a slightly 9106 

different set of responses to provide a balanced policy of preserving ecosystems, 9107 

protecting critical infrastructure, and adjusting to property loss or protection. Providing a 9108 

science-based set of decision support tools will provide a sound basis for making these 9109 

important decisions. 9110 

 9111 

Educate the public on consequences and alternatives 9112 

Relative to other natural hazards such as earthquakes, volcanic eruptions, and severe 9113 

weather (e.g., hurricanes, tornadoes) that typically occur in minutes to days, sea-level rise 9114 

has a long time horizon over which effects become clear. Thus, it is often difficult to 9115 

communicate the consequences of this sometimes slow process that occurs over many 9116 

years. The impacts of sea-level rise, however, are already being felt across the United 9117 

States (see Chapter 13). Public education will be crucial for adapting to physical, 9118 

environmental, economic, and social changes resulting from sea-level rise. Research 9119 

activities that result in effective means to conduct public education and outreach 9120 

concerning sea-level rise consequence and alternatives should be encouraged. 9121 

9122 
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